Background: Venous ulcers (VUs) are a major health problem, but their molecular pathology remains unknown. Results: A specific set of miRNAs induced in VUs targets signaling molecules and inhibits healing. Conclusion: Induction of miRNAs in VUs leads to inhibition of epithelialization and granulation tissue formation. Significance: This new discovery will enable miRNA use as diagnostic/therapeutic targets in VUs.
Chronic wounds, such as venous, diabetic foot, or pressure ulcers, are characterized by physiological impairments manifested by delays in healing, resulting in severe morbidity and mortality (1) . It is estimated that each year over 8 million people develop chronic nonhealing wounds in the Unites States (2, 3) . Faced with rise of chronic wounds to epidemic proportions, clinical treatments encounter limitations in prevention and therapy deriving from the lack of knowledge and understanding of the cellular and molecular pathology of wound healing inhibition (2, 4) . Current Food and Drug Administration-approved biotherapies for VUs 3 have a documented failure rate based on the high prevalence and incidence of recalcitrant VUs. Clinical trials of exogenously administered TGF␤, fibroblast growth factor, keratinocyte growth factor, and EGF to human chronic ulcers have achieved very limited efficacy and failed to obtain Food and Drug Administration approval (5, 6) , despite early promising animal studies (7, 8) .
MicroRNAs (miRNAs) are short (ϳ22 nucleotides), noncoding RNAs that can suppress the expression of protein-coding genes both through degradation of the transcript and through inhibition of translation (9, 10) . miRNAs are generated by sequential processing of long RNA polymerase II transcripts by two key RNase III proteins, Drosha and Dicer (11) . Sites that confer mRNA destabilization and translational repression typically pair to the 5Ј region of the miRNA, centering on miRNA nucleotides 2-8, known as the miRNA seed (12, 13) . These regulators of gene expression are capable of defining and altering cell fate. Importantly, aberrant expression or activity of miRNAs can lead to disease; in particular, miRNAs are often dysregulated in cancer (14 -17) . Moreover, aberrant miRNA expression may be reflected in statistically detectable changes in mRNA levels of target genes (12, 18, 19) .
The importance of miRNAs in epidermal development and adult skin stem cell maintenance has been established (20, 21) . When miRNAs are ablated in the skin epithelium by conditionally targeting either Dicer1 or DGCR8, barrier function of the epithelium is compromised (21, 22) . Specific miRNAs expressed in developing mouse epidermis and hair follicles have been identified (22) . In addition, involvement of miRNAs in the pathology of psoriasis has been shown (23) . A recent study has shown that hypoxia-induced miR-210 expression has an inhibiting effect on wound closure and keratinocyte proliferation in an ischemic murine wound model (24) . Conversely, antiproliferative effect of miR-483-3p in human keratinocytes was linked to promotion of wound healing in vitro and in vivo (25) . Although the role of miRNA in pathogenesis of chronic wounds has been suggested (26, 27) , to the best of our knowledge the functional role of miRNAs has not been determined in patients with chronic wounds.
Here we identified induction of specific set of miRNAs (miR-16, -20a, -21, -106a, -130a, and -203) in VUs and show that this induction contributes to a loss of growth factor signaling and delayed epithelialization and granulation tissue formation in the rat and human wound models leading to inhibition of healing, thus identifying new potential diagnostic and therapeutic targets.
EXPERIMENTAL PROCEDURES
Target Prediction-We conducted miRNA target prediction using miRNA sequences grouped into seed families and filtered for conservation based on a 3Ј-UTR alignment of five species. miRNAs were grouped into families as defined by identical nucleotides in positions 2-8. We searched for target sites for miRNA families in 3Ј-UTRs using two different types of seed matches: (i) 7-mers (positions 2-8) and (ii) 7-mer positions 2-7 m1A (A at the first position in the mRNA). For target matches, we considered both nonconserved and conserved targets in human 3Ј-UTRs. 3Ј-UTR sequences for human (hg18), mouse (mm8), rat (rn4), dog (canFam2), and chicken (galGal2) were derived from RefSeq and the UCSC genome browser. We used multiple genome alignments across the five species as derived by multiZ. The RefSeq annotation with the longest UTR mapped to a single gene was always used. Finally, as a conservation filter, we required that the 7-mer target site in human be present in at least three of the other four species, that is, exact matching in a 7-nucleotide window of the alignment in at least three other species, to be flagged as conserved.
Kolmogorov-Smirnov Statistic-We identified putatively induced miRNA by comparing the expression changes for miRNA target genes versus all (5148) genes. Specifically, we compared their distributions of log(expression change) values using a one-sided Kolmogorov-Smirnov (KS) statistic, which assesses whether the distribution of expression changes for one set (i.e., the miRNA predicted target genes) is significantly shifted downwards (downregulated) compared with the distribution for the other set. The KS statistic computes the maximum difference in value of the empirical cumulative distribution functions:
where
is the empirical cumulative distribution function for gene set j ϭ 1, 2, based on n j (ZϪtransformed) log(expression change)
values. We used the Matlab function kstest2 to calculate the KS test statistic and asymptotic p value. Functional Enrichment of miRNA Targets-We annotated the function of each gene using wound ontology information (see Table 1 ). We used this annotation to perform our functional enrichment analysis. First, given a set of miRNA targets (as defined earlier), we determined whether any functions were (i) significantly over-represented in the miRNA gene targets and (ii) generally down-regulated. We measured significance by performing a Fisher's exact test on the number of genes annotated by the function also targets to some specific miRNA. We set p Ͻ 0.05 as our threshold for significance of miRNA gene target function. Next, we assessed down-regulation of function by calculating the median log expression change of all genes annotated by the function. We set Ϫ1 as our threshold as the minimum median (log expression change) for genes annotated by some function. Functional annotations passing both thresholds were reported.
Skin Specimens-Control healthy skin specimens (n ϭ 5) were obtained as discarded tissue from patients 46 -72 years of age undergoing elective plastic surgery. Skin biopsies from consented VU patients were collected during surgical debridement procedures, per institutional review board-approved protocol. Patients (n ϭ 10) 43-83 years of age were debrided in the operating room under monitored or general anesthesia (3) . The nonhealing edges used in this study were clinically identified by a surgeon as the most proximal skin edge to the ulcer bed. Skin biopsies were then processed as follows: (i) fixation in 4% paraformaldehyde and embedding in OCT compound (Fisher), (ii) stored in formalin for paraffin embedding, and (iii) stored in RNAlater (Ambion; Applied Biosystems, Carlsbad, CA) for subsequent RNA isolation. The samples were standardized as previously described (28) . All of the specimens showed characteristic hyperproliferative, hyperkeratotic, and parakeratotic epidermis and the nuclear presence of ␤-catenin (29) .
Real Time PCR Gene Expression Analysis-MicroRNA real time PCR quantification was performed using TaqMan MicroRNA Assays (Applied Biosystems) according to the manufacturer's instruction. The IQ5 light cycler system (Bio-Rad) was used for real time PCR. Target miRNA expression was normalized between different samples based on the values of U48 RNA expression. Differences between samples and controls were calculated based on the 2
Ϫ⌬⌬Ct method. For quantification of mRNA, 0.5 g of total RNA from control skin and chronic wounds was reverse transcribed using an Omniscript reverse transcription kit (Qiagen). mRNA real time PCR was performed using iQ SYBR Green Supermix (Bio-Rad). Relative expression was normalized for levels of HPRT1. All of the reactions were performed in triplicate. The primer sequences used were: HPRT1, forward (5Ј-AAAGGACCCCACGAAGTGTT-3Ј) and reverse primer (5Ј-TCAAGGGCATATCCTACAA-CAA-3Ј); early growth repose 3 (EGR3), forward (5Ј-AATGG-ACATCGGTCTGACCAA-3Ј) and reverse primer (5Ј-GGCG-AACTTTCCCAAGTAGGT-3Ј); vinculin (Vcl), forward (5Ј-ATGGGTCAAGGGGCATCCT-3Ј) and reverse primer (5Ј-GGCCCAAGATTCTTTGTGTAAGT-3Ј); and Lep-R, forward (5Ј-ACCACACCTCACATTCTCAGA-3Ј) and reverse primer (5Ј-GTCAGTCAAAAGCACACCACT-3Ј). Statistical comparisons of expression levels from chronic wound versus control skin were performed using Student's t test. Statistically significant differences between VUs and control skin controls were defined as p Ͻ 0.05.
Western Blot-Protein extraction and Western blot was performed as described previously (30) . Antibodies against EGR3 (1:500; Santa Cruz, Santa Cruz, CA), vinculin (1:5000; Abcam, Cambridge, MA), and GAPDH (1:12000; Santa Cruz) were used.
Cell Culture-Human keratinocytes were grown as previously described (30) . 24 h prior to transfection, the cells were incubated in basal medium (Invitrogen) (30) . Normal human dermal fibroblasts and fibroblasts derived from patients with VUs, AG19641, AG19642, and AG19285 (31) were grown following our previously published protocol (31) .
DNA Cloning and Transfection-A 227-bp DNA fragment flanking the pre-miR-21 hairpin was cloned from human genomic DNA with 5Ј primer: 5Ј-CGGGATCCTTATCAAA-TCCTGCCTGACTG-3Ј and 3Ј primer: 5Ј-CCCAAGCTTGA-CCAGAGTTTCTGATTATAACA-3Ј, and 328-bp DNA fragment flanking the pre-miR-130a hairpin was cloned from human genomic DNA with 5Ј primer: 5Ј-CGGGATCCGCTG-TATTGAAGCAAAGAAGG-3Ј and 3Ј primer: 5Ј-CCCAAG-CTTGGGTAGCTGACTGGTGCC-3Ј. The resulting premiR-21 and pre-miR-130a fragments were restricted and inserted into the BamHI and HindIII sites of pSilencer 4.1-CMV puro vector (Ambion). LepR 3Ј-UTR fragment containing miR-130a and miR-21 putative target sites was amplified from human genomic DNA. The primers for the LepR 3Ј-UTR fragment were 5Ј primer: 5Ј-gctctagaAGTCTAATCATGATC-ACTACAGATG-3Ј and 3Ј primer: 5Ј-gctctagaGAAAAATCC-TGCCAAACAACTAC-3Ј. This fragment was inserted into the XbaI site in the 3Ј-UTR of pGL3-control plasmid (Promega, Madison, WI) and sequenced. Plasmid containing sense LepR 3Ј-UTR sequence was used as a reporter (pGL3-LepR 3ЈS), whereas the plasmid containing the 3Ј-UTR sequence in the antisense orientation was used as a negative control (pGL3-LepR 3ЈAS). For dual luciferase assays, pGL3 reporter, pSilencer constructs, and Renilla luciferase control (Promega) were transfected with FuGENE 6 reagent (Roche Applied Science). The relative luciferase activities were determined using the Dual-Glo luciferase assay system (Promega) 48 h after transfection.
Immunohistochemistry-Paraffin sections of human tissue were used for staining with anti-LepR antibody (Abcam). Rat tissue was stained with anti-LepR antibody from Santa Cruz and Vectastain universal kit as previously described (32) . Staining with anti-keratin 6 antibody (33) was used for quantification of epithelialization in rat wounds. For visualization, a Nikon Eclipse E800 microscope was used, and digital images were collected using SPOT Camera Advanced program.
Wounding and Treatments with Mimic miRNAs-The experimental animal protocol was approved by the University of Miami Institutional Animal Care and Use Committee. Wounds on 23-day-old Long Evans rats were created using an 8-mm dermal biopsy punch (Acuderm Inc., Fort Lauderdale, FL). Two consecutive days prior to wounding, the animals were injected subcutaneously with 5 M mimic miR-21 (Dharmacon, Chicago, IL) dissolved in PBS, mimic miRNA negative control (Dharmacon), or PBS. Cy3-labeled miRNA mimic (Ambion) was used to follow the tissue distribution. Six animals/treatment group/time point were used. The size of the closing wound was monitored daily until day 6. Paraffin sections (8 m) were stained with hematoxylin and eosin to follow the rate of healing. For granulation tissue assessment, sections were stained with Masson's trichrome. Granulation tissue thickness was measured starting from the upper edge of the wound bed descending down to the lower dermis and adipose tissue. Three measurements were taken per three distinct wound areas: left, middle, and right. Granulation tissue formation was quantified by an NIS Elements imaging program (Nikon). Human healthy skin explants (n ϭ 5) were maintained and wounded as described (32, 34) . Acute wounds were topically treated at the time of wounding with 5 M mimic miR-21 and miR-130a (Dharmacon) dissolved in 30% pluronic F-127 gel (Sigma). Frozen sections (7 m) of ex vivo acute wounds were stained with hematoxylin and eosin to follow the rate of healing. One-way analysis of variance was used to analyze rate of epithelialization and granulation tissue quantification among animal groups; p Ͻ 0.05 was considered significant.
In Situ Hybridization (ISH)-In situ transcriptional levels of miRNAs were determined on frozen sections (8 m) of skin biopsy specimens from six additional patients with chronic VUs and five healthy individuals as described previously (35) . The sections were hybridized overnight with digoxygenin-labeled miRCURY LNA probes (Exiqon, Denmark) and incubated with anti-digoxygenin antibody conjugated with alkaline phosphatase. Hybridization with digoxygenin-labeled LNA miRNA-scramble (Exiqon) was used as control. 
RESULTS

Computational Analysis of Differential mRNA Expression Predicts Aberrant miRNA Expression in VU-
The computational analysis used the rationale that decreased mRNA expression of target genes in VUs may identify miRNAs aberrantly overexpressed in chronic wounds. Previously generated mRNA microarray profiling of VUs (28) was used to screen for human miRNAs whose predicted targets were expressed at significantly lower levels in VUs as compared with normal skin. We took a simple approach of defining the set of putative targets of a miRNA to be all genes containing at least one 7-mer seed match (complementarity to miRNA positions 2-8 or positions 2-7 with nucleotide A across from position 1) in the 3Ј-UTR, while filtering for site conservation. We assessed whether each the target genes of miRNA were expressed at significantly lower levels, as a distribution, compared with all (ϳ5000) profiled genes by computing a one-sided Kolmogorov-Smirnov test statistic. We screened 152 human miRNA seed families (miRNA with identical seeds) in this way and took a nominal p value cut-off of p Ͻ 0.0002 for our significance threshold (supplemental Table S1 ).
In addition to looking for significantly lowered miRNA target expression, we applied a set of functional filters for relevance to wound healing. First, for a collection of wound healing-related functional annotations (e.g., receptor growth factor, cell migration and proliferation, and transcriptional regulators), we assessed whether (i) the functional class was over-represented in the miRNA target list and (ii) the median expression change AUGUST 24, 2012 • VOLUME 287 • NUMBER 35
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of genes in the functional class was significantly lowered in VUs (see "Experimental Procedures"). Second, we checked whether miRNA profiling evidence from other studies supported the expression of the miRNA in epithelial cells (cell line MFC10A) or in skin (21, 23) . Finally, we considered whether the seed class was conserved across vertebrates, because conserved miRNAs may play a more important functional role. The highest confidence predictions from this analysis, i.e., miRNAs that are predicted to be overexpressed in VUs based on the lower target expression and that also pass all additional functional filters, are given in Table 1 .
miRNA -16, -20a, -21, -106a, -203, and -130a Are Induced in VUs-To confirm the results obtained by computational predictions, we performed qPCR quantification of miRNAs selected by statistical analyses. RNA samples were obtained from full thickness skin biopsies after surgical debridement of VUs (n ϭ 10) and age-and gender-matched control skin (n ϭ 5). All of the biopsies were verified for established histological criteria and nuclear presence of pathogenic marker, ␤-catenin, prior to RNA isolation (29) . We used TaqMan primers and probes designed to amplify specifically the mature, active form of 12 miRNAs predicted to be up-regulated in VUs by computational analysis (Table 1) . Target miRNA expression was normalized between different samples based on the values of U48 RNA expression. qPCR results showed a significant increase of miR-16, -20a, -21, -203, -106a, and -130a levels in VUs when compared with control skin (Fig. 1, A and B) . miR-21 and -203 were previously found to be up-regulated both in psoriasis and atopic eczema (23) , suggesting their possible function in hyperproliferative epidermal disorders. The striking overexpression of miR-130a and miR-21 suggests that they may play a leading role in the inhibition of wound healing. We also confirmed the induction of miR-21 in primary human fibroblasts generated from biopsies of VUs (36) (Fig. 1C) . Similar to induction of miR-21 in VUs fibroblasts, this miRNA has been found induced in fibroblasts of the failing heart (37).We further showed induction of miR-21, miR-130a, and miR-203 in six additional VUs biopsies using specific LNA probes and ISH (Fig. 2) . The specificity of the probes was confirmed by hybridization with an LNA scrambled-miRNA probe (Fig. 2) . Increased expression of miR-21 was detected not only in the VUs epidermis but also in the dermis and blood vessels, whereas miR-130a and miR-203 were found be induced mainly in hyperproliferative epidermis of VUs. The intensity of the miR-130a signal detected by ISH was significantly lower than miR-21 ( Fig. 2) , which correlated with lower relative expression levels of miR-130a obtained by qPCR (Fig. 1B) . Brown staining observed in control skin miR hybridizations and hybridizations with a scramble miRNA probe originates from melanin pigment and is not a hybridization signal. We did not observe any melanin in VUs, suggesting a lack of melanocytes in the nonhealing epidermis.
VU-miRNAs Target Multiple Genes/Pathways That Control Wound Healing-Because our computational analyses approach was to start from downstream targets (genes already found to be deregulated in VUs (28) to identify miRNAs that may target their expression, it was expected that the VU-miRNAs would target multiple cellular processes important for wound healing. Nevertheless, we proceeded to confirm their function in vitro and in vivo. Our computational and qPCR data suggest that miRNAs overexpressed in VUs could be classified 
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on the basis of their predicted targets rather than by their genomic location, e.g., five miRNAs found to be induced in VUs are predicted to target 3Ј-UTR of EGR3 (Fig. 3A) . In support of this, we confirmed down-regulation of EGR3 in VUs at both mRNA and protein levels (Fig. 3, B and C) . EGR3 has a regulatory effect on the cellular decision toward keratinocyte migration (38) and acts as one of the first responses upon activation of EGF signaling (39) . In addition to inhibition of EGR3, we show suppression of Vcl (Fig. 4) , the main component of the focal adhesion complex (40) and a predicted target for miR-21 (Fig. 4A) . Vcl mRNA levels were not significantly altered in contrast to the observed down-regulation at the protein level, suggesting the role of miR-21 in translational inhibition of Vcl in VUs. Strong suppression of EGR3 and vinculin by miRNAs coupled with previously shown abnormal, cytoplasmic localization of EGFR (36) may lead to absence of keratinocyte migration, a hallmark of VU (29) . In addition, the heptamer and hexamer matches to miR-21 and miR-130a 5Ј seed sequences, respectively, were identified within the 3Ј-UTR of LepR mRNA (Fig. 5A) . Expression of LepR was suppressed in VUs (Fig. 5B) . Immunohistochemistry confirmed down-regulation of LepR in hyperproliferative epidermis of all tested chronic VUs, in contrast to strong LepR expression throughout the epidermis of control skin (Fig. 5C ). The effects of miR-21 and miR-130a, the most induced miRNAs, on the regulation of LepR and EGR3 were further examined by assessing mRNA levels in primary human keratinocytes transfected with pre-miR-21 and premiR130a expressed from pSilencer vector. qPCR analysis showed significantly reduced levels of LepR and EGR3 mRNA in miR-21-and miR-130a-expressing cells in comparison with control, pSilencer transfected cells (Fig. 6, A  and B) .
To further determine whether LepR is a direct target of miR-21 and miR-130a, we used a luciferase reporter assay. When introduced into the 3Ј-UTR of a luciferase reporter gene, a 2259-base pair human LepR 3Ј-UTR fragment encompassing these two putative target sites (Fig. 5A ) caused a reduction in activity in miR-21-and miR-130a-expressing keratinocytes (Fig. 6C) . miR-21 and miR-130a did not significantly inhibit luciferase activity in the control with the LepR 3Ј-UTR in the antisense orientation (Fig. 6C) . Together, these results confirmed that miR-21 and miR-130a have a direct effect on LepR, mediated through 3Ј-UTR target sites. Leptin is a hypoxia-inducible pleiotropic cytokine indispensible for successful wound healing: leptin null (ob/ob) and leptin receptor null (db/db) mouse strains have severe impairment in cutaneous wound healing (41) (42) (43) . Conversely, systemic and topical application of leptin improves re-epithelialization (44) . Our data identified LepR as a novel target for miR-21 and miR-130a, implicating their role in the inhibition of wound healing and pathology of VUs.
miR-21 and miR-130a Inhibit Epithelialization of Human
Skin-To functionally evaluate miR-21 and miR-130a as two of the most induced miRNAs in VUs, we utilized an established human skin organ culture wound model (32, 34) . Healthy human skin was wounded using 3-mm punch biopsy, and the tissue was treated with synthetic mimic miR-21 and miR-130a or control scramble mimic dissolved in pluronic gel (Fig. 7) . Pluronic gel has been previously described and used as a vehicle for delivery of synthetic oligonucleotides to wound tissue (45) . Four days after the treatment, organ cultures were processed and stained with hematoxilin and eosin for the evaluation of epithelialization. Efficient mimic incorporation into the epidermis and dermis of human skin explants was documented by application of a dye-conjugated mimic (supplemental Fig. S1 ). A single topical application of mimic miR-21 and mimic miR130a markedly inhibited epithelialization, i.e., wound edges remained almost at the same initial position 4 days after the treatment, whereas neither negative control mimic nor the vehicle, pluronic gel, showed any effect (Fig. 7) . The experiments were repeated in triplicate using skin obtained from three different donors (Fig. 7) . We concluded that miR-21 and miR-130a overexpression by synthetic mimics inhibits epithelialization during acute wound healing process ex vivo.
miR-21 Delays Wound Healing in Vivo-Next we examined biological function of miR-21 in vivo using the rat acute wound healing model. In addition to the highest expression levels of this miRNA (Figs. 1A and 2) , the predicted targets of miR-21 were significantly repressed relative to all mRNA expression changes between control skin and VU samples as determined by a KS test (Fig. 8A) . To ensure sustained overexpression of FIGURE 6 . miR-21 and 130a target LepR and EGR3 in primary human keratinocytes. A and B, primary human keratinocytes were transfected with miR-21 or miR-130a expressed from pSilencer vector, and total RNA was isolated 24 h after transfection. The qPCR results show that miR-21 and miR-130a overexpression leads to suppression of LepR (A) and EGR3 (B) on mRNA level. C, insertion of miR-21 and miR-130a target sequences in the sense orientation (white bars) within LepR 3Ј-UTR leads to diminished luciferase reporter activity in the presence of miR-21 or miR-130a expressed from pSilencer vector. Control, pSilencer vector without miRNAs. Antisense orientation (black bars) of LepR 3Ј-UTR abolishes miR-21-and miR-130a-mediated repression of luciferase activity. Luciferase activity was normalized to Renilla luciferase. The error bars (S.D.) are derived from the three replicates of three independent transfection experiments. *, p Ͻ 0.05. 
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miR-21 in vivo, synthetic mimic was injected intradermally 2 consecutive days prior to wounding. Full thickness 8.0-mm excisional wounds were created on each side of the dorsal midline with a punch biopsy. The animals were sacrificed at days 3 and 6 post-wounding, and the tissues were processed for histology and immunohistochemistry. Mimic miR-21-treated wounds show striking reduction in granulation tissue formation at day 3 post-wounding in comparison with mimic control and PBS treatment as evident by almost complete absence of trichrome stain for collagen (Fig. 8, B and C) . Significant reduction of granulation tissue formation was also observed at day 6 post-wounding (Fig. 8C) . Mimic miR-21 treatment caused increased infiltration of immune cells, whereas inflammation has already ceased in control wounds at day 3 post-wounding (Fig. 8B) . Furthermore mimic miR-21 had an inhibitory effect on epithelialization, whereas control (scramble mimic) treated wounds were fully closed at day 6 post-wounding (Fig. 9, A and  B) . Staining with keratin 6 (K6)-specific antibody revealed reduced epithelial thickness and confirmed delayed epithelialization in mimic miR-21-treated wounds (Fig. 9B) . Lastly, LepR was suppressed in epidermal edges of miR-21-treated wounds, confirming LepR as a target for miR-21 in vivo (Fig. 9C) . In summary, overexpression of miR-21 not only inhibited granulation tissue formation but also affected epithelialization and prolonged the inflammation, turning an acute wound into a nonhealing wound.
DISCUSSION
We herein provide, to the best of our knowledge, the first evidence that aberrantly expressed miRNAs play a critical role in the pathology of nonhealing VUs. Computational analyses of mRNA expression profiles identified miRNAs overexpressed in VUs, which was further confirmed in a cohort study of 10 patients. Induction of six specific miRNAs in VUs suggests that these regulators may also play different and cell type-specific roles in pathogenesis of nonhealing VUs.
Contiguous and perfect base pairing of the miRNA nucleotides 2-8 is the most stringent requirement for efficient target recognition (46) , and our computational analysis confirmed that decreased mRNA expression of target genes in VUs can identify miRNAs that are aberrantly overexpressed in chronic wounds. Using TaqMan qPCR, we showed that a small subset of miRNAs identified by a bioinformatics approach is significantly induced in 10 nonhealing VUs (miR-16, -20a, -21, -203, -106a, and -130a). In addition, miR-21, -130a, and -203 up-regulation was confirmed by ISH in biopsies originated from six additional patients, therefore underscoring the importance of these miRNAs in VU pathogenesis. Because VU is a complex condition involving changes in both epidermis and dermis coupled with prolonged inflammation, aberrant regulation of this subset of AUGUST 24, 2012 • VOLUME 287 • NUMBER 35
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miRNAs may contribute to multiple aspects of chronic wound disorders. In addition, this method provides an alternative, cost effective approach to identification of miRNAs by using mRNA microarray data.
Our in vitro and in vivo studies were focused on deciphering the impact of miRNAs up-regulated in VUs on growth factor signaling, because the growth factory therapy approach to chronic wounds did not achieve the expected outcomes in clinic (47) . Using primary human keratinocytes overexpressing miR-21 and miR-130a, we provide evidence that aberrant expression of these miRNAs leads to inhibition of EGF pathway through EGR3, implicating their role in pathology of VUs. Overexpression of miR-21 and miR-130a in VUs may be the underlying factor for failure of exogenous EGF to accelerate healing in chronic wounds. Suppression of EGR3 and vinculin by VU-specific miRNAs can also contribute to inhibition of keratinocytes migration at the nonhealing wound edge. We recently reported attenuation of another wound healing relevant pathway, TGF␤ signaling, which is markedly suppressed in VUs epidermis (32) . Interestingly, mRNA levels of TGF␤RII were not significantly altered in contrast to the marked downregulation at the protein level, suggesting the potential role of miRNAs in translational inhibition. Indeed, TGF␤RII has been recently confirmed as target for miR-20a in human keratinocytes (48) , suggesting that induction of this miRNA in VUs can be responsible for suppression of TGF␤ signaling. Further studies are needed to confirm the role of miR-20a in wound healing; however, induction of miR-20a can potentially provide the explanation for limited success of TGF␤ in clinical trials, in addition to promising animal studies (7) .
Leptin signaling is also well recognized for its stimulative pleiotropic effects on wound healing (44, 49, 50) . Although expressed in keratinocytes, fibroblasts, and endothelial cells, LepR expression in epidermis is of crucial importance for suc- cessful wound healing (51) . Our study identified and confirmed LepR as a novel target for the most induced miR-21 and miR130a in epidermis, suggesting that exogenous leptin would not improve healing of chronic VUs. We further deciphered the role of miR-21 and miR-130a in primary keratinocytes, human skin, and rat wound models. Overexpression of both miR-21 and miR-130a in human skin organ culture model had an inhibitory effect on epithelialization. Furthermore treatment with synthetic miR-21 inhibited epithelialization and granulation tissue formation in vivo, while inducing prolonged inflammation, therefore turning acute into nonhealing wounds (Fig. 10) . miR-21 may represent a common marker of chronic inflammation because it has been reported to be induced in many inflammatory states, including osteoarthritis (52), psoriasis (53), allergic airway inflammation (54), active ulcerative colitis tissue (55) , inflammatory response to LPS (56) , and cardiac muscle injury (57) . Overexpression of miR-21 has also been reported in many types of cancer and linked to a loss of cell cycle control and enhanced proliferation (26, 58 -61) . We have previously reported induction of c-Myc in hyperproliferative nonmigratory epidermis of VUs (29) . miR-21 inhibition was shown to reduce expression of c-Myc in breast cancer cells (61) , suggesting that suppression of miR-21 in VUs could lead to reduced proliferation and restored migration of chronic wound keratinocytes. A recent study using the HaCaT cell line has indicated the opposite role of miR-21, suggesting a beneficial role for this miRNA in wound healing (62) . Suppression of miR-21 by antisense oligonucleotides led to inhibition of migration and did not affect keratinocytes proliferation in vitro and in vivo (62) . However, contradictory results obtained from studies using different approaches to inhibit miR-21 in other tissues such as cardiac suggest that caution is needed when interpreting results using antisense oligonucleotides or antagomirs (63) . Overall our results implicate the role of miR-21 in the epidermal hyperproliferation and fibroblast dysfunction of the chronic VUs.
Taken together, our data identify a set of miRNAs that play a role in pathology of VUs by targeting multiple signaling pathways, including leptin and EGF signaling, thus contributing to a lack of keratinocyte migration and deregulation of granulation tissue formation. Furthermore, treatment with miR-21 and miR-130a mimic ex vivo, and miR-21 in vivo replicates the phenotype found in VU patients, providing functional confirmation that overexpression of these miRNAs inhibits wound healing. Therapeutic targeting of VU-specific miRNAs may affect multiple pathways associated with VUs pathology to stimulate wound healing. However, tissue and cell specificity of the action of miRNA along with simultaneous targeting of large number of mRNAs must be studied in detail to confirm beneficial effects. Compared with currently used therapies, the possibility to regulate multiple targets by miRNAs may have a potential to more efficiently achieve wound closure. Our results support the notion that VU-specific miRNAs may serve as a new class of diagnostic and potentially therapeutic targets.
